olites as potential biomarkers. The changes in metabolite concentrations were characterized and compared between treatment groups. Further comparison determined that 8 metabolites (arachidonic acid, butanoic acid, citric acid, fumaric acid, lactate, malate, propanoic acid, and succinic acid) correlated with early and/or long-term neurodevelopmental outcomes. The combined outcomes of death or cerebral palsy correlated with citric acid, fumaric acid, lactate, and propanoic acid. This change in circulating metabolome after UCO may reflect cellular metabolism and biochemical changes in response to the severity of brain injury and have potential to predict neurodevelopmental outcomes.
accounts for 22% of annual neonatal deaths, totaling 814,000 deaths in 2008 [3] . Therapeutic hypothermia (HT) modestly reduces the combined outcomes of death or severe neurodevelopmental impairment from 65% to approximately 50% [4, 5] . Clinicians currently use a combination of clinical criteria (Apgar scores, Sarnat scores) and laboratory tests (lactic acid, pH, base deficit), with or without amplitude-integrated electroencephalography, to determine eligibility for HT and to predict outcomes. Unfortunately, these varied indices are imprecise and may lead to unnecessary therapy or the exclusion of a child who would benefit from treatment [4, 5] . New biomarkers are needed to better distinguish between patients who can benefit from HT and those for whom treatment might be either unnecessary or futile.
When an infant experiences the combined disruption of cerebral perfusion and oxygenation, if the insult is of sufficient severity the clinical syndrome of HIE results. Brain injury is characterized by an initial period of cell injury and death followed over the next 48-72 h by secondary energy failure, inflammation, cytotoxic edema, nitric oxide synthesis, mitochondrial dysfunction, and further accumulation of excitotoxins and secondary cell death [6] . Preclinical animal studies can be particularly useful in the search for reproducible diagnostic and predictive biomarkers because of the ability to track changes in the expression of these putative factors over time after a defined injury. This can provide information about the timing as well as the severity of injury, both of which are important when considering therapeutic options. We postulate that sequential sampling of neonatal plasma will reveal metabolites that can differentiate whether an infant was exposed to hypoxia in utero and potentially inform whether they are responding to therapy over time.
Metabolomics is the quantitative analysis of low-molecular-weight metabolites, including intermediates, signaling molecules and components of metabolic pathways. This approach may be a useful way to identify biomarkers that define the timing and severity of brain injury [7, 8] . We previously developed a nonhuman primate model of HIE using in utero umbilical cord occlusion (UCO) [9, 10] . We have identified metabolic profiles characteristic of normal birth transition [11] and acute birth asphyxia [8] using two-dimensional gas chromatography with time-of-flight mass spectrometry (GC × GC-TOFMS). Here, we continue this line of inquiry to examine how metabolites change over the first 72 h after birth and whether treatment of HIE with HT alone or with erythropoietin (Epo) alters plasma metabolites. We compare the metabolites present in timed plasma samples from control and untreated and treated HIE animals, and we correlate the detected metabolites with neurodevelopmental outcomes to identify new biomarkers.
Materials and Methods
Primate Delivery Protocol A total of 56 Macaca nemestrina were delivered by hysterotomy under general anesthesia with sevoflurane at 168 ± 2 days of gestation (term = 173 days), and a subset of 33 animals had blood samples processed for metabolomic analysis and are included in this study [12] . Prior to delivery, the baseline blood sample (0 min) was obtained by venipuncture from the umbilical cord and a 2.5-Fr umbilical arterial catheter (Vygon, Montgomeryville, Pa., USA) was installed into the ascending aorta. To induce perinatal asphyxia, 26 animals underwent UCO in utero for 15 or 18 min, and these durations were grouped for subsequent analysis; 7 nonasphyxiated control animals were also surgically delivered after umbilical artery catheter placement. The primates were resuscitated as needed by a team of neonatologists using standardized neonatal resuscitation procedures. Resuscitations included endotracheal intubation, positive pressure ventilation, chest compressions, and bolus epinephrine as indicated. A covered heating pad, radiant warmer and polyethylene sheet were used to provide thermal support during stabilization, and the animals were then moved to a thermal-neutral incubator. Upon delivery, Apgar scores, vital signs and serial laboratory parameters were recorded. At delivery, a timer was started and postnatal blood samples were obtained at 5 min and 24, 48 and 72 h for metabolomic analysis. Samples were collected into heparinized syringes, transferred to micro tubes and centrifuged at room temperature for 10 min at 1,000 g , and then 110-μl plasma aliquots were collected and frozen at -80 ° C until metabolite extraction.
Treatment Groups
UCO animals were treated with saline (n = 11), therapeutic HT (n = 6) or combined Epo + HT (n = 9). HT was initiated within 30 min of birth using an automated cooling apparatus donated by Olympic Cool-Cap (NATUS) to effect whole body cooling to 33.5 ° C for 72 h. Epo treatment (Epogen ® , Epoetin Alfa Recombinant; Amgen) initially followed a high-dose Epo regimen of 3,500 U/kg i.v. within 0.5 h of birth and then bolus doses of 2,500 U/ kg i.v. at 24 and 48 h (n = 4), but the Epo dosing regimen was adjusted after the first year to 1,000 U/kg i.v. at 0.5, 24 and 48 h and 1,000 U/kg s.c. at 7 days (n = 5).
Metabolite Extraction, Derivatization and Instrumentation
Extraction of the metabolites from the plasma was performed using a methanol:water solution, as previously reported [8, 11] . Briefly, samples were sonicated for 2 min, cooled on ice and then centrifuged at 15,000 g for 10 min to remove cellular debris; 200-μl aliquots of the supernatant were transferred to an insert vial and evaporated to dryness in preparation for GC. A two-step chemical derivatization procedure involving methoximation and trimethylsilylation was performed on the extracts to improve thermal stability and volatility of the metabolites for GC-based analysis [8, 11] . , separated the metabolites primarily based on polarity. The GC was operated in constant flow mode at 1 ml/min at the outlet. The first column was held at 60 ° C for 0.25 min and then increased by 8 ° C/min to 280 ° C, where it was held for 10 min. The second column was held at 78 ° C for 1.25 min and then increased by 8 ° C/min to 290 ° C, where it was held for 10 min. The transfer line temperature was 280 ° C, and the modulator tracked the second column temperature program with an offset of +40 ° C. The modulator applied a 0.40-second hot pulse time with a 0.35-second cooling time between stages. Eluent from the second column was detected by the TOFMS using electron impact ionization at -70 eV to generate ion fragments, which were collected from mass-to-charge ratio (m/z) 40-600 at 100 mass spectra per second. The TOFMS ion source was set to 250 ° C and the detector voltage was 1,600 V. Data were collected with the LECO ChromaTOF software v 3.32.
Data Preprocessing and Normalization
A nontargeted discovery-based approach using the mathematical algorithm referred to as the Fisher ratio method [13] was used to locate metabolites in the GC × GC-TOFMS data that exhibited potentially significant changes in metabolite concentrations during the experimental time course. Time points at 24, 48 and 72 h were compared to the prenatal cord sample (0 min), providing a list of retention times in both GC separation dimensions for metabolites that demonstrated a large concentration change over the experimental time course. Metabolites located by Fisher ratio analysis were primarily identified by retention time and mass spectral matching using an in-house library of derivatized metabolite standards that were processed and categorized using the same instrumentation. For the remaining metabolites that did not have retention times matching the in-house library, tentative identification assignment was provided using external mass spectral libraries only, including the NIST library and KEGG database. Quantification of the identified metabolites was performed using PARAFAC (parallel factor analysis), a mathematical deconvolution algorithm for GC × GC-TOFMS data that provides the integrated m/z signal for each identified metabolite peak [14] .
All of the PARAFAC signals (one from each identified metabolite per GC × GC-TOFMS chromatogram) were normalized using the total ion current (TIC) method [8, 15, 16] . The GC × GC-TOFMS data from the zero time point (cord blood sample) for each animal was used to normalize between animals. The GC × GC-TOFMS chromatograms for each animal's zero time point were baseline corrected, and all TIC signals were summed for a representative two-dimensional section of the GC × GC chromatogram containing the derivatized metabolites (excluding the solvent and derivatization reagent peaks), producing a summed TIC signal for each chromatogram. This summed TIC signal for each GC × GC-TOFMS chromatogram is proportional to the mass injected per sample and was used to adjust for systematic variation in individual metabolite signals due to biological, sample preparation and instrument variation over the course of the experiment. The ratio of the summed TIC signal between a given chromatogram and a designated target chromatogram was used to normalize the quantified metabolite signals between the two samples. At baseline (prior to cord occlusion), no differences were expected between one animal and the next. Therefore, the metabolite signals at subsequent time points for a given animal were normalized by the ratio of the summed TIC signal for that animal's zero time point chromatogram versus the summed TIC signal of the zero time point chromatogram for the first animal in the study (C1), facilitating quantitative comparisons between animals.
Developmental Evaluations
Developmental assessment was performed by the Infant Primate Research Laboratory at the University of Washington, as previously described [9] . Briefly, age at self-feeding and temperature stability, newborn reflexes, muscle tone, behavioral state, and neurological responses were assessed 5 days per week for the first 20 days, using tests based on the Brazelton Neonatal Behavioral Assessment Scale. Neonatal activity and diurnals were collected every 4 h daily to determine the onset or delay of diurnal cyclicity. Evaluators, who were blinded to treatment, assigned an overall assessment of motor dysfunction. Object permanence testing paradigm, screening for deficits in visual acuity, novelty preference, social and motor behavior in mixed-sex play groups, and a standard series of learning and memory problems utilizing the Wisconsin General Test Apparatus were administered by trained evaluators.
To check for the presence or absence of cerebral palsy, the animals were assessed by a physical therapist with a special interest in neonates. Sequential examinations were done at 1 week and at 1 and 8 months to document any evidence of motor abnormalities and contractures. Assessment included evaluation of their ability to control active movement. Muscle tone at each joint was graded on the Ashford scale of 0 (normal) to 4 (affected parts rigid in flexion or extension) [17] .
Statistical Analysis
Normalized data were transformed to log intensities prior to statistical analysis. The log transformation results in more symmetric distributions ( fig. 1 ) and facilitates the application of linear regression models and other standard statistical methods. To reduce the bias due to the significant number of missing intensities, metabolites with <20 observations across time points and subjects were excluded from further considerations ( fig. 2 ). An analysis of variance (ANOVA) model was used to check whether each of the remaining metabolites had significantly different log intensities at baseline among different treatments (at α = 0.05 significance level). Considering the randomization of samples into treatment groups at baseline, differences in log intensities among treatment groups are likely to be artifacts of the profiling step, and a total of 12 metabolites were hence excluded from further considerations. The log intensities for the resulting data set did not indicate a difference among different treatment groups ( fig. 3 , ANOVA p = 0.785). The resulting data set included 51 metabolites.
Missing values for the remaining metabolites in the data were imputed using a two-pronged strategy. For metabolites with less than 10% missingness, a linear regression model was fit to the sample with complete information on the two time points closest to times with missing intensities. These models were then used to predict the log intensities at time points with missing intensities.
The missing values for metabolites with more than 10% missingness were imputed by the average log intensity of all samples with existing values at each time point. Two-sample Wilcoxon rank tests were used to compare the log intensities of each metabolite at any given time point between different treatment groups and controls. p values for significance of differences between each treatment group and controls were adjusted for multiple comparisons to control the false discovery rate (FDR) [18] . A total of 12 metabolites demonstrated significantly different temporal patterns among treatment groups at 10% FDR level and were used to identify metabolites associated with early and/or long-term neurodevelopmental outcome. A linear regression model was fit for each outcome and each metabolite to determine whether the intensities of the metabolite over time were associated with the outcomes. FDR-adjusted p values were used to identify metabolites associated with at least one neurodevelopmental outcome.
Results

Primate Characteristics
A total of 33 primates were included in this study. Table 1 lists the birth characteristics of all primates in different treatment groups. There were no significant differences in gestational age at birth or birth weight. Apgar scores at 1, 5 and 10 min were significantly lower in asphyxiated primates than in nonasphyxiated control animals. Initial laboratory data also demonstrated that asphyxiated animals had lower pH, larger base deficits and higher lactate levels, confirming that in utero UCO produces perinatal asphyxia. Overall, 9 UCO animals required epinephrine to treat initial bradycardia, and 5 UCO animals died within the first 10 days after birth due to complications of perinatal asphyxia. The 1-min Apgar score in the control animals was lower than might be expected due to delivery following general anesthesia and cord occlusion for approximately 2 min during which the umbilical artery catheter was placed.
Plasma Metabolomics
In total, 165 plasma samples were collected from the 33 primates included in this study, of which 63 metabolites were identified as potential biomarkers with a great degree of change over time (baseline vs. later time point), and 14 were eliminated from consideration due to insufficient data points because of missing data in individual samples. Of the remaining 49 metabolites, 12 could not be adequately evaluated because cord blood values for the metabolite differed between the control and the UCO animals. These metabolites included glutamic acid, serine, alanine, norvaline, valine, leucine, L -phenylalanine, tyrosine, pantothenate, steric acid, and glucose. In addition, 12 metabolites showed group differences between UCO and control animals at one or more time points. Table 2 lists these metabolites and the adjusted p values based on multiple comparisons for each treatment group at each time point. All comparisons are made to control animals at the same time point. Comparisons at 24 h were not included in the table, as few differences were noted. Metabolites that changed early (5 min after birth) included arachidonic acid, lactic acid, butanoic acid, succinic acid, fumaric acid, and malate. Some of these metabolites continued to differ from control values over time (fumaric acid, lactate, malate, succinic No significant differences were observed among treatment groups, suggesting that the adjustment by cord blood correctly removes batch effects. In addition to this overall quality check, an ANOVA test was used to determine whether log intensities of individual metabolites were significantly different among different treatment groups at time 0. Metabolites with evidence of differences in log intensities were not included in the remainder of the analysis (see Methods for details). 13  17  20  21  22  29  31  34  36  38  39  15  24  25  30  35  37  16  19  23  26  28  33  40  43  44  C1  C3  C4  C6  C7  C8  C9 TX: UCO TX: UCO + HT TX: UCO + HT + EPO TX: Control acid), while others did not. Changes in these metabolites over time are shown in figure 4 . Another group of metabolites showed no difference at the initial evaluation but were different by 48 or 72 h (aminomalonic acid, citric acid, myo-inositol, and propanoic acid). Some of these metabolites also differed from controls at 72 h. Figure 5 shows changes over time in the metabolites that showed late differences between control and UCO samples. Neurodevelopmental assessments of these animals were obtained until 9 months of age. We tested whether any of the 12 identified metabolites shown in table 2 were associated with important short-or long-term outcomes. Despite a relatively small sample size, several significant correlations were detected. Table 3 lists the FDR-adjusted p values for correlations between early metabolite concentrations and developmental outcomes. The ability to self-feed is a complex activity that combines both cognitive and physical abilities. The animals must recognize that the bottle of formula is attached to the cage and must mobilize to approach the bottle, position themselves and then be able to suck and swallow the milk. We have previously shown that the ability to self-feed, early weight gain and days to achieve early reflexes are all significantly affected by UCO [12] . In the parent study, the combined outcome of death or moderate-to-severe cerebral palsy was significantly improved by HT + Epo (0%) compared to HT alone (44%), making fumaric acid and propanoic acid interesting metabolites to evaluate further as predictors of outcome.
Discussion
The application of metabolomics to evaluate clinical conditions pertaining to neonatal biology is relatively new [19] [20] [21] [22] [23] [24] . Different approaches have been used to this end, including the evaluation of plasma, urine and cerebral spinal fluid and magnetic resonance spectroscopy of the brain [8, 20, 25, 26] . The metabolomic profile is composed of products of cellular and physiological metabolismproducts of specific biochemical pathways that the organism has used to promote survival in any given circumstance. The metabolome can therefore be used to compare control and experimental conditions of interest as the metabolites reflect changes in specific pathways that the organism has used, thus allowing for the identification of biomarkers of biological conditions such as hypoxia-ischemia [22, 24] . Promising early findings have been published using metabolomic analysis to predict or categorize sepsis, diabetes, iron deficiency, kidney disease, and hypoxic-ischemic brain injury [22, [27] [28] [29] [30] . Since the metabolome can be expected to change over time as the response to hypoxia-ischemia evolves, evaluation of sequential, timed metabolomes may eventually allow for the identification of both the timing and severity of injury. Piglet [23, 24] and mouse models [20] of hypoxic-ischemic brain injury have been used in preclinical studies to identify potential biomarkers using metabolomics. However, the nonhuman primate model used in this study is the only one in which the injury occurs in utero.
The preliminary data presented in this manuscript support the hypothesis that the circulating metabolome in neonatal primates changes after birth, and these changes vary depending on whether the animals have been exposed to perinatal asphyxia with or without therapeutic HT or Epo treatment. These metabolic profiles demonstrate complex biochemical changes during the evolution of brain injury and recovery during neuroprotective therapy. We identified 12 metabolites that may potentially be useful as diagnostic and/or prognostic chemical indicators of hypoxia-ischemia exposure.
Four tricarboxylic acid (TCA) cycle intermediates, including citric acid, succinate, fumaric acid, and malate, demonstrate temporal changes following perinatal asphyxia. The cycle is essential in aerobic metabolism, which has a role in generating ATP and other high-energy phosphates. Aerobic metabolism is crucial for cellular activity energy storage, required electron transport chain (located in mitochondria) combined with oxygen to produce more ATP from substrate phosphorylations, NADH and FADH 2 . We previously reported that the normal transition to extrauterine life is accompanied by metabolic changes involving several tricarboxylic acid cycle intermediates [11] . In the current study, citric acid, succinate, fumaric acid, and malate are all increased after birth in control animals. However, this increase is exaggerated in animals that have undergone UCO. These metabolites are potential indicators of severity of illness and will be tested in further studies. Given that both malate and succinic acid have acute increases that exceed those seen with lactate, these may be more sensitive indices than lactate for early diagnosis of birth asphyxia. These data are consistent with findings from a piglet model of neonatal asphyxia in which succinate and fumarate were highly correlated with asphyxia [31] . Succinic acid may be of particular interest because succinate has been identified as an important vascular growth factor whose action is mediated by its cognate receptor G protein-coupled receptor-91 (GPR91) [32] . In the retina, hypoxia-mediated increases in succinate activate GPR91, which then regulates the production of angiogenic factors, including VEGF. The maintenance of an elevated succinate concentration at tissue level may contribute to brain healing after a hypoxic-ischemic event [33, 34] .
Arachidonic acid, a polyunsaturated omega-6 fatty acid, is abundant in cell membranes, particularly the brain, muscles and liver. This fatty acid was markedly el- evated immediately following birth in all asphyxiated animals compared to controls and may indicate disruption of cell membranes. It and its metabolites have many functions. For example, it can act as a lipid second messenger, regulating several signaling molecules such as phospholipase C-γ and -δ and phosphokinase C-α and -β, and it is also a key inflammatory mediator and vasodilator. It decreases oxidative stress in the brain by activating peroxisome proliferator-activated receptor-γ [35] . Other reports show that arachidonic acid activates syntaxin-3, a protein involved in the growth and repair of neurons [36] .
It is unclear at this stage whether the acute elevation of arachidonic acid might be beneficial or harmful to the hypoxic-ischemic brain. Peripheral butanoic acid, also known as butyric acid, is presumed to be derived from central γ-butyric acid (GABA), the primary inhibitory neurotransmitter in the central nervous system [37] . Plasma GABA is a known marker of several metabolic and psychiatric disorders [38] [39] [40] [41] [42] . We speculate that elevated butanoic acid levels in asphyxiated infants reflect compromise of the blood-brain barrier and/or diminished liver degradation. The catabolic pathway for GABA produces both butanoic and succinic acid, both of which were acutely elevated in our asphyxiated animals. The accumulation of the Krebs cycle intermediates succinate, fumarate and malate are likely to reflect disruption of mitochondrial energy production by asphyxia.
Propanoic acid was elevated in all groups after birth, decreased by 24 h but then trended up in both control and UCO HT + Epo animals by 72 h. Not much is known about propanoic acid metabolism in the brain or whether this increase in circulating propanoic acid originated from the brain. This molecule has been linked to enteral metabolism and has been identified as a potential biomarker of autism [43] , although this has not been confirmed.
Although this study is limited by the small number of animals, it provides a preliminary insight into metabolic changes occurring following 'normal' birth (by cesarean section following general anesthesia) compared to birth complicated by a known acute hypoxic-ischemic insult. We have shown that there are distinct patterns of metabolite changes that occur over time and characterize animals that have undergone hypoxia. However, the treatment groups were too small to allow for the reliable detection of differences in metabolites based on the therapy received.
The timing of blood sampling is important when considering metabolites that might be useful for clinical prognostication. In this study we sampled blood at time points that corresponded with the evolution of primary and secondary phases of brain injury to evaluate overall patterns of metabolites following injury. These time points are not ideal for clinical purposes. For example, our first postnatal sample was obtained at 5 min after birth to evaluate the acute effects of asphyxia. In most clinical situations, such early blood sampling would not be feasible. More useful time points would include samples at 3 and 4 h, when atrisk infants are being assessed for the need for therapeutic HT (diagnostic). Further assessments might be obtained immediately before rewarming to determine whether cooling was therapeutic (prognostic) and immediately after rewarming to determine whether additional therapies might be needed. Future studies will address these more clinically relevant time points. The use of this novel preclinical nonhuman primate model is particularly relevant as the timing and nature of injury response is likely to translate well to human infants.
